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Abstract 
This paper explores the possibilities of sustainable biogas use for hybridisation of Concentrated Solar Power (HCSP) in Europe. 
The optimal system for the use of biogas from agricultural residues (manure and crop residues) in HCSP involves anaerobic 
digestion with upgrading of biogas to biomethane and injection into the gas grid for transport and storage. Using biogas from 
agricultural residues results in efficient reduction of non-renewable energy use and especially GHG emission, due to the 
avoidance of methane emission from manure storage. The net biomethane production from agricultural residues in EU-27 can 
potentially reach approximately 29,000 Mm3, sufficient to supply 320 CSP plants with a capacity of 100 MWe with HYSOL 
technology, producing 55% of the electricity from gas. The uncertainties concerning the production potential are large. 
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1. Introduction 
1.1. The HCSP concept 
Hybridisation of Concentrated Solar Power (HCSP) has as purpose a robust and flexible electricity production, 
primarily based on solar radiation but independent of the instantaneous solar radiation. Besides energy storage (heat) 
for the night, hybridisation with another energy source is needed for periods of low solar radiation, due to weather or 
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season. The most efficient solution for this energy supply is gas and in a sustainable concept, this should be 
renewable gas1. In this paper we explore the possibilities of sustainable biogas production from agricultural residues 
for use in HCSP in Europe. 
1.2. Renewable gas production in EU 
The production of renewable gas in Europe (EU-27) was 14.3 Mtoe in 20132, which corresponds with 
approximately 11 billion m3 methane or 3% of the total natural gas consumption. Almost all renewable gas was 
biogas, produced from landfill or by anaerobic digestion of sludge, manure, crops, industrial and domestic wastes 
and crop residues. In Europe, Germany was by far the largest producer of biogas (50%) followed by the United 
Kingdom and Italy, both with a share of 14% in 2013. In Germany and Italy decentralized (mainly agricultural) 
biogas plants were the main source with a share of over 70% while in UK the share of landfill capture was over 
70%2. The most important substrates in anaerobic digestion were manure and energy crops, intentially grown for 
this purpose. The share of wastes and crop residues was small while future increase of biogas production is expected 
to be mainly based on energy crops3.  
1.3. Renewable gas from agricultural residues 
While agricultural residues, except for manure, are hardly used for the production of biogas, residues have clear 
advantages over the widely used dedicated energy crops. These crops have a much higher energy use and cause 
much more GHG emissions during production compared with residues, such as straw, leaves and prunings. 
Depending on the occurrence of methane leakage during biogas production and processing, the GHG emission 
reduction resulting from the replacement of natural gas by biomethane from mono-digested crops is small or even 
negative and therefor mostly not sustainable4. Reasons for hardly using residues for anaerobic digestion can be costs 
of collection, low gas production potential and concerns about decline of soil organic matter after removing the 
residues. In practice, anaerobic digestion of agricultural residues could well be combined with the addition of 
industrial or domestic wastes but this remains outside the scope of this paper.  
1.4. Biogas production for use in HCSP 
Agricultural residues are widely available but in regions with high solar radiation mostly long distance transport 
of gas will be necessary because in those regions rain-fed agriculture is generally less productive. Furthermore, the 
gas consumption of a HCSP plant is irregular and unless the gas can be taken from a gas grid, a large storage 
capacity is needed. With this background it is most efficient to use an existing gas grid for storage and transport. 
This also overcomes the problem that residues are available throughout Europe while the use of the gas in HSCP will 
be concentrated in small, high solar radiation areas in South Europe. When using the gas grid, the biogas needs to be 
upgraded to biomethane of natural gas quality (‘green gas’), compressed and injected into a grid. HCSP does not 
have specific quality demands to the gas and eventually biogas can be used. Transport by truck or train of 
compressed biogas or biomethane could be optional when no gas grid is present near the gas production site or near 
the HCSP location. 
2. System description 
A schematic flow chart of the biogas system is presented in Figure 1. In the calculation model (Section 3) the biogas 
system is compared to a reference system in which natural gas is used in the HCSP and where the residues are 
applied to the land without treatment. This comparison is used to assess e.g. the GHG emission reduction that can be 
reached by introducing this biogas system. In the biogas system four sub-systems can be distinguished: substrate 
supply, anaerobic digestion, biogas treatment and utilisation, and digestate utilisation. 
Substrates included in our analysis are manures (liquid and solid manure from cattle, swine and poultry) and crop 
residues (straw and leaves of various arable crops). Manure is collected in stables and added untreated to the  
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Figure 1: System description for biogas production from agricultural residues and use in HCSP. Dashed lines are 
optional pathways for transport of gas when no gas grid is available. 
 
 
digester as soon as possible to avoid methane emission from manure storage. Straw is collected in the field after 
harvest, stored dry and chopped before adding to the digester in order to improve digestion. Leaves are collected in 
the field, stored ensiled and added to the digester without pre-treatment. The preferred anaerobic digestion system is 
a continuous stirred reactor tank (CSRT), kept at a mesophylic temperature of 35 to 400 C. This system is best suited 
for wet substrates and easy to handle5. When available, different substrates are preferably mixed to stabilise the 
digestion environment and improve biogas production. With a CSRT system an appreciable residual methane 
production occurs in the digestate storage after the digestate has left the reactor tank. This methane is captured in a 
closed storage and added to the biogas from the reactor tank.  
The biogas is preferably upgraded, compressed and injected into an existing gas grid. The upgraded biogas can 
directly replace natural gas while the grid functions as storage and transport mean. The digesting process and the gas 
treatment need much energy, both as heat and as electricity, and the most efficient way to supply this energy is to 
use part of the biogas production for internal use. Depending on the substrate, 20 to 40% of the biogas produced is 
used for this internal energy supply. As upgrading method, water scrubbing is chosen for its moderate energy use 
and low emission of methane (1.5%)6. The alternatives of using biogas and truck or train transport of compressed 
biogas or biomethane to replace natural gas require additional gas transport and storage but might be useful when no 
gas grid is available but are not considered in this paper (dashed lines in Figure 1). 
1129 W.J. Corré and J.G. Conijn /  Procedia Computer Science  83 ( 2016 )  1126 – 1133 
The digestate is stored until application which will take place at a moment optimal for efficient use of the 
nutrients, especially the nitrogen, mostly just before or early in the growing season. Compared with the reference 
system where the residues are applied to the soil untreated, digestate application affects the nutrient supply to the 
soil. The fertiliser replacement value of the nutrients changes when residues are digested into digestate. The total 
amount of nutrients remains unchanged but part of the organic nutrients is converted to an inorganic form during 
anaerobic digestion. For manure this leads to a larger direct availability of nitrogen in digestate but to a comparably 
lower long term availability7. For crop residues the fertiliser replacement value of nitrogen is increased: instead of 
leaving the residues on the land, the digestate is applied at a time that the nitrogen can be better utilised, with a 
reduction of the need for mineral fertiliser nitrogen as a result8. For nutrients other than nitrogen no differences in 
availability between undigested residues and digestate are expected. Furthermore, the organic matter supply is 
affected by anaerobic digestion of residues. Compared with undigested residues, digestate contains less organic 
matter and although the remaining organic matter is more resistant to degradation in the soil, this cannot fully 
compensate for the smaller amount and digestion of residues introduces a risk of soil organic matter decline9.  
Anaerobic digestion plants producing electricity can have very different scales without much difference in costs 
and performance, and their scale is mostly determined by the availability of substrates. Upgrading of biogas, 
however, requires a large scale to become cost efficient. Generally, a capacity of 500 m3 biogas per hour is 
considered a reasonable minimum9. This implies a minimum annual input of approximately 100,000 to 200,000 
tonnes of agricultural residues. Such a scale is presumed ‘large’5 and certainly much larger than the average or even 
a large European farm can provide. Consequently, lack of residue availability within reasonable distance can be 
limiting biogas production due to high transport costs. Eventually, the biogas produced in a number of smaller 
digesters can be transported to a central upgrading facility.  
3. Biogas production, energy use and GHG emissions 
3.1. Methane production from different substrates 
The methane production from a substrate depends on its digestibility or potential biogas production with lignin as 
main indigestible component and on the degree of the potential decomposition that is reached during digestion. This 
degree depends firstly on economics: the biogas production per day from a substrate decreases quickly during 
digestion and once this production reaches a certain minimum, it is more profitable to replace the partly undigested 
substrate with new substrate. Part of the residual potential biogas production, however, occurs during digestate 
storage and can still be captured. Furthermore, although cellulose is degradable in anaerobic digestion, it is mostly 
encrusted in lignin and degrades therefore very slowly. For this reason, cellulose rich material such as straw can best 
be pre-treated (chemical or physical) to make the cellulose better available for decomposition. Estimates of methane 
productions from agricultural residues on the basis of literature11 are shown in Table 1, together with other 
characteristics12. 
 
 
 
Table 1: Characteristics and methane production from different agricultural residues. 
Substrate Dry matter (d.m.) 
(kg kg-1) 
Volatile solids (VS) 
(kg kg-1 d.m.) 
 CH4 production 
 (l kg-1 VS) 
N content 
(kg kg-1 d.m.) 
Solid manure poultry 
Solid manure cattle 
Liquid manure cattle 
Liquid manure swine 
Straw (chopped) 
Sugar beet tops  
0.40 
0.25 
0.10 
0.06 
0.86 
0.15 
0.75 
0.85 
0.80 
0.80 
0.90 
0.90 
275 
250 
210 
250 
210 
325 
0.035  
0.020  
0.040  
0.100  
0.008  
0.020 
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The differences in methane production per kg volatile solids are mainly due to differences in digestibility of the 
substrates. Furthermore, the substrates differ strongly in dry matter content and to a lesser extent in volatile solids 
content (on dry matter basis) and therefore the fresh substrates differ strongly in methane production as is shown in 
Table 2.  
3.2. Energy use 
Energy use in anaerobic digestion includes all non-renewable energy use in the four sub-systems but does not 
include the energy use for digestion and gas utilization since here part of the produced biogas is used, which is 
renewable energy. In substrate supply energy is used for collecting, transport, storage and eventual pre-treatment . 
Digestate utilization includes energy use for transport and land application of digestate and saving on energy use by 
replacing mineral fertiliser nitrogen. 
3.3.GHG emissions 
GHG emission is inevitably combined with all non-renewable energy use and furthermore with a number of other 
processes in the biogas system. Methane emission takes place during electricity production and biogas upgrading 
and possibly from leakage of methane from the digester and the digestate storage. On the other hand, methane 
emission from manure storage can be largely avoided, which explained the very high efficiency especially for liquid 
manures. Nitrous oxide emission takes place after soil application of the digestate, but the emission from soil 
application of crop residues and manure is avoided. Furthermore, the N2O emission from manufacturing and 
application of the saved mineral fertiliser nitrogen is avoided. 
4. Calculations of energy use and GHG emission of biogas production 
4.1. Efficiency of energy production and GHG emission reduction of biogas 
In Table 2, results of calculations of energy use and GHG emissions from biomethane production per tonne of 
fresh substrate are presented, together with the efficiency, defined as the fraction of non-renewable energy use or 
GHG emission of the reference system that is avoided in the biogas system. The calculations are limited to 
individual substrates, using calculation parameters from literature13 and a standard transport distance for substrates 
and digestate of 10 km. The differences in methane production are large, due to the large differences in water 
content of the substrates. The results show a low energy use for methane production, due to the use of biogas for 
internal energy supply, with a moderate to high  
 
 
Table 2: Non-renewable energy use and GHG emission from biomethane production from different agricultural 
residues.  
Substrate Upgraded nett 
CH4 production 
(m3 tonne-1) 
Energy use 
(MJ tonne-1) 
Efficiency 
(MJ MJ-1) 
GHG emission 
(kg CO2-eq tonne
-1) 
 
Efficiency 
(kg CO2-eq kg
-1 
CO2-eq) 
Solid manure poultry 
Solid manure cattle 
Liquid manure cattle 
Liquid manure swine 
Straw (chopped) 
Sugar beet tops  
65 
41 
12 
8 
118 
27 
141 
152 
164 
165 
352 
214 
0.94 
0.89 
0.61 
0.39 
0.88 
0.75 
-1a 
12 
-29 
-45 
71 
66 
1.01 
0.85 
2.22 
3.92 
0.67 
0.61 
a: negative values are caused by a large avoidance of methane emission from manure storage. 
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efficiency of replacing natural gas. The GHG emission from methane production is low and for most manures even 
negative, due to the avoidance of emission from manure storage, with as result a high to very high efficiency of 
GHG emission reduction. 
4.2. Production of agricultural residues and potential methane production 
On the basis of livestock numbers14 and manure composition15 the total manure production in EU-27 in 2010 was 
estimated at 1320 Mt of cattle manure, 370 Mt of swine manure and 21 Mt of poultry manure. Cattle manure was 
estimated to be produced on average for 37 % during grazing and therefore not available for anaerobic digestion, 
and for 28 % as liquid manure and 35 % as solid manure17. On this basis the productions of liquid and solid 
(including straw addition of 6 kg per adult cow per day12) cattle manure can be  estimated at 370 Mt and 330 Mt 
respectively. Swine manure is predominantly liquid and poultry manure predominantly solid15. With these manure 
productions and the parameters from Table 2 the potential total upgraded methane production from manure can be 
calculated at approximately 29,000 Mm3. The annual production of straw from cereals and other seed crops is in the 
order of 200 Mt (based on 3 t ha-) but part of the straw is used for other purposes such as feed and bedding for 
stables and is not available. Straw use for solid cattle manure was calculated at 41 Mt. With an assumed availability 
of 50%, a potential production of approximately 12,000 Mm3 upgraded methane could be reached. Annual sugar 
beet tops and leaves production can be estimated at approximately 40 Mt (based on 25 t ha-), which is almost all left 
on the land, with a potential production of approximately 1,000 Mm3 upgraded methane. Other crops may also 
supply substantial amounts of residues but that has not been calculated  for this paper.  
In total, agricultural residues in EU-27 might potentially produce in the order of at least 42,000 Mm3 of methane, 
of which approximately 13,000 Mm3 is used for internal energy requirement, including the energy used for 
upgrading and compression of the biogas. The net production of 29,000 Mm3 corresponds with approximately 7% of 
the current natural gas consumption. The GHG emission from this biomethane production will reach -0.14 kg CO-eq 
m3 biomethane which is 107% lower compared with natural gas. This production would be sufficient for 
approximately 320 CSP plants with a capacity of 100 MWe with HYSOL technology, producing 55% of the 
electricity from gas, as described in16. This methane production, however, could be limited by the requirement for 
sustainable soil organic matter management (leaving residues in the field).  
4.3. Uncertainties 
The results of the calculations presented in Table 2 predict a high efficiency of the biomethane production, both 
for energy use and for GHG emission reduction but the uncertainties in the calculations are large. Uncertainties exist 
in gas production, in energy use and in GHG emissions. 
The gas production depends on substrate quality, which is on average different between types of residues (see 
Table 2) but is also variable within substrate types, and on process characteristics such as the utilization of residual 
biogas production from digestate storage and process stability18. 
Variations in energy use are mainly caused by differences in transport distance and transport efficiency, in 
biogas upgrade method and in the fertiliser replacement value of digestate. The fertiliser replacement value of 
digestates depends mainly on the efficiency of the digestate nitrogen as fertiliser, with ammonia volatilization as 
most important determining factor. Ammonia volatilization from applied digestate depends on the fraction 
ammonium-N in the total nitrogen content, on soil and weather conditions, on application method and on digestate 
parameters such as pH and viscosity. Compared with undigested manure, an increased volatilization can be expected 
because of a higher ammonium content and slightly higher pH value but a decrease can occur because of lower 
viscosity19. Digestate from crop residues will certainly show a higher volatilization since volatilization from 
untreated residues does not occur because they only contain organic nitrogen. Next to ammonium volatilization, the 
fertilizer replacement value of digestate from crop residues can vary due to factors such as timing of application 
whereas for digestate from manures this kind of variation can be expected to be comparable with untreated manures.  
Variations in GHG emission are firstly caused by variations in energy use but the biogas system can also show 
differences in several other aspects causing GHG emissions. First is methane leakage from the digester, the digestate 
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storage, the upgrading process and the production of electricity and heat for internal use, all four can be variable 
depending on methods, construction, maintenance and other factors17. Furthermore the avoided emission from 
storage of untreated manure is uncertain with an estimated uncertainty range of + 30%15 which would result in a 
GHG emission reduction efficiency range of 87 to 128% around our calculated average of 107%. Finally the effect 
on N2O emissions is uncertain, both through the savings on fertiliser nitrogen and through the effect of digestate vs. 
untreated residues on soil emissions18. 
The results presented in Table 2 presume the use of best practices, especially for the occurrence of methane 
leakage which can easily decrease the efficiency substantially since the GWP of methane is 25 times higher 
compared with CO2
20. For example, doubling the methane leakages from 2.5% to 5% in our calculation would 
decrease the GHG emission reduction efficiency from 107% to 55%. 
Another uncertainty relates to the sustainable availability of agricultural residues in view of maintaining adequate 
soil organic matter levels in agriculture. Soil organic matter has a number of functions in agricultural soils such as 
water retention, protection against erosion and supply of nutrients and is therefore of great importance for soil 
productivity. In practice agricultural residues have an essential function in agriculture in maintaining the soil organic 
matter on an adequate level which might limit the (sustainable) availability of agricultural residues for energy 
production. If residues are removed and recycled through digestate, input for soil organic matter declines and this 
can have adverse effects on soil productivity, depending on local conditions of climate, soils terrain characteristics 
and the current soil organic matter level. It is therefore not possible to derive one overall threshold that can be used 
in all situations to check whether residues should be left or applied in the field or can be removed for anaerobic 
digestion. A spatial analysis is needed to derive spatially explicit threshold values for the sustainable use of 
agricultural residues by taking the local situation into  account. 
Conclusions 
x Biogas from agricultural residues is an efficient alternative for natural gas in HCSP, strongly reducing non-
renewable energy use and especially GHG emission. 
x Agricultural residues, especially manure, can potentially supply 320 CSP plants with a capacity of 100 
MWe with HYSOL technology, producing 55% of the electricity from gas, in EU-27.  
x Uncertainties on the biogas production potential from agricultural residues are large. 
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